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Abstract 


The  chemisorption  of  H  on  SI (lll)-(7x7)  has  been  studied  by  digital  ESDIAD 
and  temperature  programmed  desorption  methods.  It  has  been  found  that  residual 
H  In  the  bulk  of  the  Si (111)  can  be  transported  to  the  surface  upon  annealing  to 
temperatures  above  ~1000  K.  The  adsorption  of  atomic  H  on  SI (111)- (7x7 )  results 
In  a  mixture  of  monohydride  and  polyhydride  species  as  detected  by  H+  ESDIAD. 
Thermal  desorption  from  the  H-saturated  surface  liberates  63-,  02"  and  &1-H2 
species  as  well  as  S1H4(g).  Heating  the  H-saturated  surface  to  1040  K  results 
In  a  significant  disordering  of  the  surface,  leading  to  SI  sites  which  produce 
highly  tilted  S1-H  bond  directions.  The  occupation  of  these  sites  with  H 
produces  surface  species  exhibiting  high  polar  angles  from  the  surface  normal 
for  H+  desorption  by  an  ESD  process  with  a  high  Ionic  cross  section  compared  to 
the  cross  section  observed  for  normal  mono-  and  polyhydride  surface  species. 


I.  Introduction 


The  Interaction  of  hydrogen  with  silicon  surfaces,  under  investigation  for 
over  forty  years  [1],  continues  to  be  of  Interest  because  of  the  effect  that 
hydrogen  has  on  the  electronic  [2-6]  and  the  structural  properties  [7]  of 
crystalline  (and  poly-crystalline/amorphous)  silicon.  The  interaction  of 
hydrogen  and  silicon  Is  also  of  Interest  In  the  mechanistic  studies  of 
semiconductor  film  growth  processes,  such  as  In  chemical  vapor  deposition  (CVO), 
where  hydrogen  Is  a  ubiquitous  component  [8]. 

There  have  been  numerous  surface  science  Investigations  of  the 
silicon-hydrogen  system.  These  Include  absolute  coverage  measurements  [9-11], 
high  resolution  electron  energy  loss  spectroscopy  (HREELS)  [12-19],  Infrared 
absorption  studies  [20-28],  molecular  beam  Investigations  [29,30],  thermal 
desorption  studies  (TPD  or  TDS)  [31-40],  adsorption  studies  [1,41,42], 
photoemission  studies  [33,43-50],  electron  diffraction  Investigations  [51,52], 
electron-stimulated  desorption  (ESD)  studies  [53-58],  Auger  electron 
spectroscopy  (AES)  studies  [53,54,59,60],  atom  probe  field  Ion  microscopy 
Investigations  [61]  and,  recently,  studies  by  scanning-tunneling  microscopy 
(STM)  [62-64]. 

From  these  studies,  hydrogen  Is  known  to  form  S1H  (monohydride),  SIH2 
(dihydride)  and  SIH3  (trihydride)  surface  species  on  SI (111)  and  SI (100).  The 
formation  of  the  surface  dihydride  and  trlhydrlde  phases  leads  to  a 
reconstruction  of  the  silicon  surface  which  necessarily  Involve  the  breaking  of 
SI-SI  bonds.  Recent  STM  Investigations  of  the  H-saturated  SI (111)  surface, 
where  SIH2  and  SIH3  surface  species  exist,  have  Indicated  that  significant 
surface  disorder  results  from  this  SI-SI  bond  breaking  and  suggest  that  the 
relief  of  strain  In  the  SI  adatom  backbond  Is  accompanied  by  the  formation  of 
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the  higher  hydride  phases  [64].  Such  disorder  is  not  observed  by  STM  when  only 
the  monohydride  phase  is  present  [62,63]. 

The  complication  of  the  surface  disorder,  induced  by  the  formation  of  the 
higher  hydride  phases,  has  made  the  interpretation  of  the  structural  properties 
of  the  Si Hx  surface  layer  by  atomic  resolution  STM  techniques  difficult.  Here 
we  report  the  first  electron-stimulated  desorption  ion  angular  distribution 
(ESDIAD)  study  of  H+  Ion  production  from  the  clean  and  H-exposed  SI (lll)-(7x7) 
surface.  This  investigation  has  been  carried  out  in  order  to  examine  the 
distribution  of  bonding  geometries  of  the  complex  Si Hx  surface  layer.  The 
ESDIAD  technique  permits  the  determination  of  adsorbate  bonding  directions  for 
surfaces  with  a  chemisorbed  species  of  a  single  structural  type  by  measuring  the 
angle-resolved  distributions  of  ESD-produced  ion  fragments  from  the  adsorbate 
[65,66].  ESDIAD  has  only  recently  been  applied  to  adsorbate-semiconductor 
systems  [67-70]. 

We  find  that  an  Ar+  ion  bombarded  and  subsequently  annealed  Si (111)  surface 
has  a  small  concentration  of  residual  surface  hydrogen  that  originates  from 
hydrogen  diffusion  from  the  bulk.  This  residual  hydrogen  produces  a  H+  ESDIAD 
pattern  that  Indicates  the  presence  of  non-normal ly  oriented  surface  S1-H  bonds. 
We  also  find  that,  upon  exposure  of  the  SI (111)  surface  to  atomic  hydrogen,  the 
presence  of  the  dl-  and  trihydride  phases  on  SI (111)  results  In  the  production 
of  S1-H  bond  directions  exhibiting  large  polar  angles  away  from  <1 1 1 >.  Removal 
of  these  polyhydrides,  by  thermal  desorption,  results  In  a  higher  population  of 
more  normally-oriented  S1-H  surface  bonds,  where  a  characteristic  normally 
peaked  H+  ESDIAD  pattern  Is  observed.  Further  annealing  to  remove  the 
monohydride  phase  results  In  a  very  broad  H+  ESDIAD  pattern  and  Indicates  the 
presence  of  a  mixture  of  very  highly  tilted  S1-H  bond  directions.  This 
observation  suggests  that  the  annealed  surface  has  been  substantially 


-4- 


disordered.  This  may  be  due  to  the  scission  of  SI-SI  bonds  during  the  formation 
of  the  higher  hydrides  which  subsequently  decompose  during  annealing. 

II.  Experimental 

The  ultrahigh  vacuum  (UHV)  chamber  used  in  this  study  is  described 
elsewhere  [71].  The  base  pressure  of  the  system  is  4xl0-11  Torr  and  the  pumping 
time  constant  Is  estimated  to  be  -0.5  s.  The  chamber,  shown  in  Fig.  1,  Is 
equipped  with  a  scanning  Auger  electron  spectrometer  (AES),  a  1 ine-of-sight, 
shielded  quadrupole  mass  spectrometer  (QMS)  for  thermal  desorption  studies,  a 
digital  LEED/ESDIAD  apparatus,  a  second  QMS  for  ESD  studies,  and  a  W-spIral 
filament  for  the  production  of  atomic  H  from  H2. 

The  Si (111)  crystal  was  Czochralski  grown,  10  fl-cm,  p-type  (B-doped)  and  cut 
from  an  oriented  (-1°)  wafer  that  was  commercially  polished.  The  crystal 
dimensions  were  1.30x1.31x0.15  cm  and  the  crystal  was  slotted  on  the  edges  for 
mounting  as  described  elsewhere  [71].  The  crystal  support  structure  was  cooled 
by  thermal  contact  with  a  small  reservoir  through  which  cooled  N2  gas  flowed. 

The  crystal  was  resist! vely  heated  with  a  programmable  temperature  controller. 
Crystal  temperature  was  carefully  monitored  with  a  chromel-constantan  (type-E) 
thermocouple  enclosed  In  a  small  Ta-foll  envelope  that  was  Inserted  Into  one  of 
the  crystal  slots  [71].  Crystal  temperatures  between  120  K  and  1200  K  are 
readily  produced,  and  temperature  control  to  ±5  K  is  routinely  achieved. 

The  crystal  was  cleaned  after  cutting  of  the  crystal  slots  with  the 
well-known  chemical  oxIdatlon-HF  stripping  treatment  [72,73],  followed  by  a 
methanol  rinse  prior  to  installation  In  the  UHV  chamber.  Final  cleaning  In  UHV 
was  accomplished  by  2  kV  Ar+  Ion  bombardment  at  glancing  1nc1dence(10~3  Ccm*2, 

C  =  Coulomb)  followed  by  annealing  to  1173  K  and  cooling  to  120  K.  A  sharp 
(7x7)  LEED  pattern  was  observed  after  this  preparation  procedure,  and  impurities 
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(e.g.  C,N,0  and  Ni)  were  below  detectable  limits  of  the  AES  (<0.01  atomic 
fraction  within  the  depth  of  Auger  sampling). 

For  the  hydrogen  dosing  experiments,  a  hot  (T=1800  K)  W-spiral  filament 
(diameter=l  cm)  was  used  to  atomize  molecular  hydrogen.  Hydrogen  was  admitted 
Into  the  chamber  to  P(H2)~10"8  Torr,  (uncorrected  for  ionization  gauge 
sensitivity)  and  the  crystal  was  placed  ~4  cm  from  the  spiral.  Crystal 
temperatures  remained  below  340  K  during  these  exposures,  and  the  formation  of 
the  surface  mono-,  dl-,  and  trihydride  species  was  easily  accomplished  with  this 
configuration.  Exposures  to  atomic  hydrogen  are  proportional  to  the  H2 
exposures,  and  H2  exposures  are  reported  throughout  this  paper  as  Langmuirs  (L) 
H2  (lL*lxlO-6  Torr  sec).  From  temperature  programmed  desorption  (TPD) 
measurements  of  the  H-exposed  surface,  a  calibration  of  the  surface  coverage  can 
be  made  in  terms  of  the  observed  H2  desorption  features.  Under  the  conditions 
described  here,  we  have  found  that  exposures  greater  than  3L  are  required  to 
observe  the  onset  of  the  dihydride  ($2)  desorption  feature.  Thus,  exposures 
larger  than  3L  result  in  the  population  of  dl-  and  trihydride  phases  and  the 
observation  (by  TPD)  of  the  &2~H2  and  &3-H2  and  SIH4  (by  the  fragmentation 
products  S1H+,  S1H2+  and  SiH3+)  desorption  features.  The  crystal  Is  biased  at 
-100V  during  such  exposures  to  eliminate  the  possibility  of  ESD  effects  from 
any  stray  electrons  striking  the  surface. 

Temperature  programmed  desorption  (TPD)  measurements  were  made  with  the 
shielded,  differentially-pumped  QMS  described  elsewhere  [71].  The  shielded  QMS 
is  equipped  with  two  apertures:  one  large  aperture  (area~18.2  cm2)  used  for 
random  flux  adsorption  measurements  and  a  small  axially-located  aperture 
(area~0.2  cm2)  used  for  1 Ine-of-slght  TPD  measurements.  A  rack-and-plnion 
driven  sliding  door  for  the  large  aperture  was  kept  closed  during  TPD 
measurements.  The  small  aperture  to  the  shielded  QMS  was  placed  on  the 


1 1 ne-of-si ght  axis  between  the  Si (111)  surface  and  the  QMS  ionizer  at  a  distance 
of  0.2  cm  from  the  crystal,  and  ensures  that  only  species  desorbing  from  the 
central  area  of  the  prepared  Si (111)  surface  are  detected.  This  aperture  is 
electrically  Isolated  so  that  It  may  be  biased  negatively  to  prevent  the  escape 
of  stray  electrons  from  the  QMS  ionizer  which  could  lead  to  spurious  ESD  effects 
on  the  surface  under  examination. 

Digital  ESDIAD  and  LEED  measurements  of  the  clean  and  H-exposed  surface 
were  made  with  the  apparatus  shown  In  Fig.  2.  The  apparatus  is  equipped  with  a 
Comstock  EG-401  electron  gun  and  x-y  deflection  plates.  Typically,  a  ~1  mm 
diameter  electron  beam  Impinges  on  the  crystal  with  electron  energies  of  300  eV- 
400  eV  and  a  current  of  ~lxlO“8  A.  The  positive  ions  produced  from  this 
electron  beam,  by  the  ESD  process,  are  Intercepted  by  three  hemispherical  grids 
In  the  retarding  field  analyzer.  For  ESDIAD  measurements,  the  grids  are  biased 
as  follows:  Vi*V2*0  V,  V3*  0.7 (Vxtal ) -  The  crystal  potential  for  all  of  the 
Ion  desorption  results  reported  here  Is  Vxtal*+100  V.  The  Ions  then  pass 
through  two  planar  grids,  V4=0  V  and  V5—5OO  V,  and  are  collected  on  a 
multichannel  plate  (MCP)/anode  assembly  which  provides  signal  amplification.  A 
gain  of  ~105  over  the  Input  Ion  current  Is  achieved  with  the  MCP/anode  assembly. 
A  current  pulse,  resulting  from  a  shower  of  electrons  that  are  in  spatial 
registry  In  the  MCP  assembly  with  the  Incident  Ion,  Is  collected  on  the 
resistive  anode.  The  statistical  distribution  of  the  angles  of  ion  desorption 
from  the  surface  is  digitally  recorded  for  106-107  desorbed  Ions  [74,75].  The 
Identity  of  the  ESD-produced  Ions  Is  determined  with  the  second  QMS  which  Is 
equipped  with  an  electron  gun  Identical  to  that  employed  on  the  LEED/ESDIAD 
apparatus.  This  measurement  Is  described  fully  elsewhere  [71],  Only  H+  Ions 
were  detected  (above  noise  levels)  throughout  this  study.  LEED  measurements  are 
made  by  simply  changing  the  grid  potentials  to  permit  the  detection  of 
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elastically  scattered  electrons. 

A  background  signal,  due  to  the  production  of  characteristic  soft  x-rays, 
or  electronically  excited  neutral  (metastable)  species  from  the  electron 
bombardment  of  the  crystal,  is  also  recorded  for  later  background  subtraction. 

The  grid  G3  is  biased  at  +1 . 5 ( Vxtal )  f°r  this  measurement,  thus  permitting  only 
the  characteristic  soft  x-ray  signal  or  other  background  signal  to  be  collected. 
The  background  signal,  which  Is  unrelated  to  the  H+  ESDIAD  signal,  can  be  ~50% 
of  the  raw  H+  ESDIAD  signal  from  SI,  and  must  therefore  be  considered  in  a 
quantitative  measurement.  This  background  contribution  to  the  ESDIAD  data  has 
been  described  elsewhere  [76].  All  of  the  H+  ESDIAD  results  reported  herein 
have  had  the  background  component  subtracted,  and  all  of  the  H+  ESDIAD  patterns 
shown  have  the  same  vertical  scale. 

III.  Results 

A.  Measurements  on  the  clean  SI (lll)-(7x7)  surface 

The  ESDIAD  of  the  clean  Si (lll)-(7x7)  surface,  prepared  by  the  Ion 
bombardment  and  annealing  procedure  described  above,  results  in  a  broad  H+  ion 
angular  distribution.  This  Is  shown  In  Fig.  3  for  various  crystal  biasing 
potentials. 

It  Is  well  known  that  the  observed  trajectories  of  the  desorbing  species 
can  be  perturbed  by  Image  force  and  reneutralization  effects  Induced  by  the 
Interaction  of  the  desorbing  species  with  metal  substrates  [77-80].  Such  effects 
are  expected  to  manifest  themselves  to  some  degree  with  semiconductor  substrates 
as  well  [67,68].  By  increasing  the  positive  potential  of  the  crystal,  the 
trajectories  of  the  desorbing  positive  Ions  are  deflected  toward  the  normal,  and 
this  effect  Is  observed  In  the  detected  angular  distribution,  resulting  In  a 
"compression"  of  the  observed  ion  angular  distribution  pattern. 
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The  effect  of  pattern  compression  Is  shown  in  Fig.  3  where  It  is  seen  that 
as  the  crystal  bias  is  increased  to  higher  positive  potentials,  a  central  H+ 
peak  develops  as  H+  ions  with  trajectories  that  are  at  large  angles  from  the 
normal  are  compressed  toward  the  normal.  It  is  noted  that  even  at  Vxtai=+100V, 
the  observed  H+  ESDIAD  central  pattern  Is  rather  broad  with  evidence  of  even 
larger-angle  (with  respect  to  the  surface  normal)  H+  desorption  as  indicated  by 
the  nonzero  signal  extending  to  the  pattern  perimeter.  (The  square-shaped  edge 
of  nonzero  Intensity  Is  due  to  the  detector  geometry.)  Thus  the  +100  V 
compression  procedure  Is  able  to  separate  H+  Ions  produced  by  ESD  into  two 
general  groups  -  a  broad  distribution  which  may  be  detected  close  to  the  normal 
by  employing  the  crystal  bias,  and  an  even  broader  H+  distribution  which 
persists  at  the  +100  V  bias.  The  H+  Intensity  In  the  perimeter  region  is 
sensitive  to  crystal  preparation  and  will  be  discussed  below. 

Temperature  programmed  desorption  measurements  of  the  clean,  prepared 
SI (111) - (7x7)  surface  are  shown  In  the  Inset  of  Fig.  4,  where  a  small  H2 
desorption  feature  Is  observed  at  T^x-OSO  K.  The  maximum  desorption  rate  Is 
observed  at  a  temperature  which  Is  similar  to  that  from  the  low  coverage 
Pj-monohydrlde  desorption  on  a  H-exposed  SI (111)  surface.  This  suggests  that  the 
desorbing  H2  species  Is  related  to  monohydride  Si H  surface  species.  In  this 
experiment,  the  crystal  Is  reststlvely  heated  with  a  linear  temperature  program 
(rate~1.6  K/s)  to  1100  K  and  the  thermal  desorption  of  H2  Is  monitored  from  the 
crystal  center  with  the  shielded,  differentially-pumped  QMS  [71].  After  the 
desorption  measurement,  the  crystal  Is  rotated  away  to  prevent  radiative 
heating  of  any  nearby  surfaces  to  avoid  possible  contaminat  n  from  species 
(e.g.  H2O)  desorbing  from  such  surfaces  and  the  crystal  is  cooled  according  to  a 
linear  program  (~1  K/s)  to  120  K.  This  Hheat-rotate-cool "  cycle  was  repeated 
five  times  (points  (a)-(e)  of  Fig.  4)  In  order  to  examine  the  effect  of  heating 
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the  crystal  on  the  observed  residual  hydrogen  desorption  yield. 

The  residual  hydrogen  desorption  yield  from  this  experiment  (dark  points  of 
Fig.  4)  Is  observed  to  decrease  with  each  subsequent  TPD  cycle  indicating  that 
the  hydroa'-  ,  (surface)  species  are  slowly  being  depleted  in  the  cycling  process. 
For  an  approximate  coverage  comparison,  the  H2  desorption  yield  from  a  saturated 
monohydride  layer  is  shown  as  the  open  circle  in  Fig.  4.  This  suggests  that 
-0.1  monolayers  (ML)  of  the  clean,  prepared  Si (lll)-(7x7)  surface  Is  initially 
populated  with  a  Si H  species,  even  after  all  cleaning  procedures  in  UHV  have 
been  carried  out.  This  also  suggests  that  continual  repopulatior  of  surface  Si H 
occurs  in  the  sequential  desorption  experiments.  In  five  sequential  heating 
experiments,  about  0.2  ML  of  H  are  evolved  as  H2. 

The  possible  source(s)  of  this  residual  H  have  been  investigated  with 
care.  Although  no  evidence  of  hydrogenic  Impurities  In  the  Ar  gas  used  for  Ion 
bombardment  has  been  found,  residual  H2  and  CH4  in  the  vacuum  system  could  lead 
to  a  fluence  of  hydrogen  (as  H2+,  H+,  CH4+,  CH3+,  etc.)  at  a  fluence  of  -5xl0-4 
of  the  Ar+  fluence  used  for  cleaning  the  Si (111)  crystal.  Under  these 
conditions,  for  a  total  Ar+  fluence  of  2xl0~3  C  cm-2,  approximately  6xl012  H 
cm-2  would  be  Implanted,  corresponding  to  -0.02  ML  of  H.  Additional  sources  of 
bulk  hydrogen  may  originate  from  the  wet  chemical  cleaning  procedure  employed, 
or  from  hydrogen  trapped  on  B  dopant  sites,  as  will  be  discussed  later.  It 
should  be  noted  that  careful  attention  was  given  to  hot  filaments,  etc.  as  a 
source  of  atomic  hydrogen  and  of  other  active  radical  species  In  the  UHV 
background.  During  the  TPD  measurements,  only  the  shielded  QMS  Ionizer  filament 
Is  on,  and  the  emission  of  stray  electrons  from  the  Ionization  source  is 
retarded  by  applying  -100  V  to  the  shielded  QMS  entrance  aperture.  It  should 
also  be  noted  that,  unlike  atomic  hydrogen,  H2(g)  has  a  very  low  sticking 
coefficient  on  Si  [30],  and  background  H2(g)  cannot  be  a  source  of  the  residual 
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surface  hydrogen  observed. 

Based  on  these  measurements,  and  the  results  of  others  (discussed  below), 
we  believe  that  one  plausible  source  of  the  surface  hydrogen  on  the  SI (111) 
crystal  (cleaned  as  described  above)  Is  the  diffusion  of  hydrogen  to  the  surface 
from  the  bulk. 

B.  Measurements  on  the  H-exposed  SI (111)  surface 

The  ESDIAD  measurements  for  H+  as  a  function  H-exposure  of  the 
SI (111)- (7x7)  surface  Is  shown  In  Fig.  5.  Exposures  are  reported  In  units  of 
Langmuirs  (L)  of  H2.  In  Fig.  5  the  compression  voltage  Is  +100  V.  Fig  5(a) 
shows  the  ESDIAD  pattern  from  the  clean,  prepared  surface  and  Indicates  that  a 
S1H  species  Is  Initially  present  on  this  surface.  It  Is  noted  that  the  H+  peak 
Intensity  and  the  base  Intensity  In  the  pattern  perimeter  of  Fig.  5(a)  Is  less 
evident  compared  to  Fig.  3(f).  We  believe  that  this  difference  Is  due  to 
differences  In  crystal  preparation  history  and  this  will  be  discussed  below. 

Increasing  the  exposure  to  2.0  L  (Fig.  5(c)),  which  corresponds  to  a  nearly 

saturated  monohydride  phase,  results  In  a  broad,  centrally-peaked  compressed 
ESDIAD  pattern.  Further  Increasing  the  exposure  Into  the  dl-  and  trihydride 
phases  (Fig.  5  (d-f))  results  in  the  appearance  of  large-angle  H+  desorption,  as 
seen  from  the  additional  H+  signal  near  the  pattern  perimeter.  The  average 
intensity  of  the  signal  In  the  pattern  perimeter  is  ~10-20%  of  the  central  peak 
Intensity  for  the  hydrogen  exposures  that  produce  the  dl-  and  trihydride  phases. 

Temperature  programmed  desorption  (TPD)  studies  of  a  20.6  L  exposure 
(corresponding  to  substantial  formation  of  the  SI H2  and  SIH3  phases),  which  Is 

similar  to  the  coverage  of  Fig.  5  (f),  are  shown  In  Fig.  6.  The  well  known 

desorption  features  due  to  the  (62)  dlhydrlde  (Tmax-650  K)  and  the  (Bi) 
monhydride  (Tmax-775  K)  species  are  evident  [33]  as  well  as  a  33-desorptlon 
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process  near  400  K.  In  agreement  with  Greenllef,  et  al.,  mass  spectrometer 
fragmentation  products  from  desorbing  SIH4  are  observed  near  600  K,  indicating 
that  the  scission  of  Si-Si  bonds  (etching)  has  occurred  [40].  Consistent  with 
the  work  of  ref.  40,  we  also  note  that  the  Si H4  desorption  (observed  as  SiH3+, 
SiH2+  and  SiH+)  Is  Initially  observed  at  H  atom  exposures  corresponding  to  the 
first  appearence  of  the  (82)  dihydride  phase  [40]. 

The  effect  on  the  compressed  H+  ESDIAD  pattern  of  heating  the  H-exposed 
surface  Is  shown  In  Figs.  7  and  8.  In  all  cases,  after  heating  the  surface  to 
the  Indicated  temperature,  the  crystal  Is  cooled  to  120  K  before  making  ESDIAD 
measurements.  In  Fig.  7  (b-d),  both  the  centrally  oriented  H+  ESDIAD  peak  and 
the  very  broad  H+  pattern  filling  the  perimeter  regions  (Fig.  7(e))  are 
observed.  As  a  more  quantitative  measure  of  the  ESDIAD  central  peak  shape  in 
Fig.  7(b-e),  the  peak  width  was  determined  using  two  methods:  (1)  the 
azimuthal ly-averaged  width  at  the  half  maximum  of  the  peak  was  measured,  and  (2) 
an  average  peak  half  width  about  the  "center  of  mass"  of  the  pattern  was  also 
measured.  The  results  of  these  measurements  are  shown  in  Fig.  8.  It  Is  seen 
that  both  width  measurement  methods  yield  essentially  the  same  peak  width. 
Indicating  that  the  pattern  has  a  clrcularly-symmetrlc  cross  section.  The  error 
bars  shown  represent  the  standard  deviation  from  the  average  peak  width 
measured. 

The  pattern  shown  in  Fig.  7(a)  Is  again  that  due  to  a  clean,  prepared 
crystal  (see  Fig.  5(a)  and  the  subsequent  discussion).  Exposing  the  surface  to 
atomic  hydrogen  (10  L  H2)  results  In  the  pattern  shown  In  Fig.  7(b).  This 
exposure  results  In  the  production  of  higher  hydride  phases  on  the  surface  and 
the  pattern  perimeter  Intensity  Increases  to  10-20%  of  the  central  peak 
Intensity.  In  the  experiment  shown  In  Fig.  7,  the  total  H+  ESDIAD  yield  from 
the  exposed  surface  (Fig.  7(b))  Is  over  an  order  of  magnitude  larger  than  that 
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from  the  "clean"  surface  (Fig.  7(a)).  Other  similar  experiments  (data  not 
shown)  have  Indicated  that  the  clean  surface  H+  Ion  yield  behavior  can  vary 
considerably  from  experiment  to  experiment.  Because  extreme  care  was  taken  In 
reproducing  atomic  H  exposures,  we  believe  that  this  behavior  Is  mainly  due  the 
crystal  preparation  history,  although  gain  changes  In  the  MCP/anode  assembly 
have  also  been  noted  after  lengthy  hydrogen  exposures. 

As  shown  In  Fig.  7(c),  annealing  the  crystal  to  601  K  (just  before  the  (02) 
dihydride  H2  desorption  process  shown  In  Fig.  6)  with  the  linear  temperature 
ramp  has  only  a  small  effect  on  the  compressed  H+  ESDIAD  pattern.  A  small 
Increase  in  Integrated  peak  Intensity  and  the  very  broad  angular  H+  distribution 
in  the  perimeter  region  Is  again  observed.  The  peak  width  remains  essentially 
constant  after  this  annealing  procedure,  as  shown  In  Fig.  8. 

However,  Increasing  the  temperature  to  710  K  (the  temperature  corresponding 
to  the  minimum  between  the  (02)  dl hydride  and  the  (0i)  monohydride  thermal 
desorption  features  of  Fig.  6)  results  in  a  sharpening  of  the  central  H+  peak 
(Fig.  7(d))  as  shown  by  the  -20%  decrease  In  the  measured  peak  width  In  Fig.  8. 
The  central  peak  sharpens  although  the  Intensity  In  the  pattern  perimeter 
region,  which  Is  due  to  large  angle  H+  desorption,  remains  significant  (-20%  of 
the  central  peak  Intensity). 

Annealing  the  crystal  to  1041  K,  beyond  the  monohydride  desorption  feature, 
results  In  a  very  broad  and  Intense  H+  angular  distribution  (Fig.  7(e)),  unlike 
any  of  those  previously  observed.  Such  an  H+  ESDIAD  pattern  Is  consistent  with 
a  distribution  of  S1-H  bond  directions  at  very  large  angles  from  the  normal. 

The  ESD  process  responsible  for  this  pattern  occurs  with  an  enhanced  Ionic  cross 
section.  The  observation  of  this  very  broad  and  Intense  H+  ESDIAD  pattern  after 
the  removal  of  the  0j  phase  by  thermal  desorption  was  reproducible  In  all  of  the 
experiments  performed. 
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The  broad  H+  ESDIAD  pattern  can  be  eliminated  by  annealing  the  SI (111) 
surface  In  vacuum  at  1173  K.  For  the  experiment  shown  In  Fig.  7,  the  Initial  H+ 
pattern  (Fig.  7(a))  closely  resembles  that  produced  by  annealing  alone,  but.  In 
this  particular  case,  Ar+  bombardment  followed  by  annealing  to  1173  K  was 
employed. 

IV.  Discussion 

A.  Source  of  surface  H  on  "clean"  SI (111) 

Several  plausible  sources  of  the  observed  surface  hydrogen  can  be  suggested 
and  Include:  (1)  surface  preparation.  Including  hydrogenlc  Impurity 
Implantation  during  Ar+  sputtering;  (2)  the  presence  of  hydrogen  during  crystal 
growth;  and  (3)  re-exposure  of  the  surface  to  atomic  hydrogen  In  UHV.  Recently, 
much  attention  has  been  given  to  the  microscopic  morphology  of  SI  surfaces, 
particularly  those  prepared  with  the  well  known  chemical  oxIdatlon/HF  stripping 
technique  [72,73].  After  such  preparation,  others  have  found  a  remarkably 
passive,  H-termlnated  layer  [81]  and  various  silicon  hydride  species  are 
observed  on  the  surface  [26,82].  Surfaces  generated  by  this  wet  chemical 
cleaning  technique  have  also  been  shown  to  be  stepped  and  to  undergo  oxidation 
In  the  air  only  after  several  hours  [83]. 

From  our  Initial  cleaning  procedure  prior  to  Installation  In  the  UHV 
system,  such  a  hydrogen-terminated  surface  Is  expected  and  may  serve  as  a 
possible  Initial  source  for  the  residual  H2(g)  desorption  feature  observed  In 
our  TPD  results  (Fig.  4)  and  the  ESDIAD  results  yielding  H+  (Fig.  3,  for 
example)  reported  here  even  after  annealing  at  1173  K.  This  surface  hydrogen, 
as  well  as  bulk  hydrogen  which  may  be  Initially  present  In  the  crystal,  will  be 
redistributed  as  a  result  of  Ar+  bombardment  of  the  SI (111)  crystal,  and  this 
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hydrogen  along  with  H  Introduced  by  background  gases  present  during  Ar+ 
bombardment  could  be  a  source  of  the  residual  surface  hydrogen  observed  by  TPD 
and  ESDIAD  in  these  experiments.  Indeed,  others  have  shown  that  the  solubility 
of  hydrogen  in  Si  Increases  due  to  the  presence  of  a  high  dislocation  density 
[84]. 

The  propensity  for  bulk  hydrogen  In  SI  to  form  boron-hydride  complexes  has 
also  been  examined  by  others  [2-5],  and  may  be  of  Importance  as  a  source  of  our 
residual  hydrogen.  The  thermal  desorption  data  of  Fig.  4  suggests  that  a  small 
surface  concentration  of  H  (-0.1  ML)  Is  Initially  present  after  the 
1  on-bombardment/annealing  procedure  described  previously.  This  would  correspond 
to  ~3xl013  H/cm2  (where  3xl014  d-b/cm2  is  the  dangling  bond  (d-b)  density  on  the 
Ideal  SI (111)  surface)  assuming  that  1  ML  of  H  corresponds  to  a  saturation  of 
these  dangling  bonds.  Our  p-type,  B-doped  samples  have  a  nominal  resistivity  of 
10  Q-cm  which  would  correspond  to  roughly  10*5  B/cm3  [85]  and  thus  provide  a 
bulk  reservoir  for  B-H  complexes  that  could  provide  one  source  for  H  diffusion 
to  the  surface. 

High  temperature  transport  of  hydrogen  In  crystalline  SI  Is  known  to  occur. 
For  example,  assuming  a  diffusion  coefficient  of  D«10’4  cm2/s  at  T=1173  K  [85] 
and  typical  annealing  times  of  x-300  s,  a  diffusion  length  of  (Dt)1/2»0.17  cm  Is 
obtained.  With  our  crystal  thickness  In  the  <111>  direction  of  0.15  cm, 
hydrogen  diffusion  throughout  the  crystal  Is  expected  to  readily  take  place 
during  such  annealing.  The  observed  depletion  of  the  surface  S1-H  species  with 
subsequent  annealing  cycles  Is  also  consistent  with  a  bulk  source  of  hydrogen 
that  Is  diffusion  rate  limited. 

Of  course,  further  re-exposure  of  the  SI  surface  to  atomic  hydrogen  In  our 
experiments  may  also  provide  a  means  for  some  amount  of  surface  hydrogen  to 
diffuse  Into  the  bulk  and  again  reappear  on  the  surface  after  the  Ion 
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bombardment/annealing  procedure  used  to  prepare  the  surface.  It  Is  noted,  for 
example,  that  the  ESDIAD  data  of  Fig.  3(f)  and  that  of  Fig.  5(a)  (or  Fig.  7(a)), 
In  which  the  H+  yield  is  clearly  different,  suggests  that  crystal  preparation 
history  affects  the  concentration  of  residual  surface  hydrogen  which  may  be 
achieved  by  delivery  from  the  bulk. 

B.  ESDIAD  of  the  -clean-  SI (111)  surface 

Many  of  the  common  surface  science  measurement  techniques  are  unable  to 
easily  detect  the  presence  of  surface  hydrogen.  Electron  stimulated  desorption, 
however,  has  been  shown  to  be  a  sensitive  probe  for  hydrogen  on  clean  SI 

surfaces  [55,57].  The  ESDIAD  results  shown  in  Fig.  3  for  the  "clean"  SI (111) 

surface  clearly  Indicate  the  presence  of  a  surface  S1H  species  of  two  general 
types.  The  broad  H+  angular  distribution  at  zero  crystal  bias  Indicates  that 
non-normal ly  oriented  S1H  species  are  observed.  Compression  of  the  pattern  by 
positive  electrical  biasing  of  the  crystal  causes  some  of  these  widely-directed 
H+  trajectories  to  coalesce  about  the  normal  to  the  crystal,  as  the  H+  ions  are 

separated  Into  two  general  groups  -  those  which  are  compressed  Into  a  central  H+ 

peak  and  those  which  are  not. 

C.  H-exposed  $1(lll)-(7x7) 

Increasing  the  exposure  (coverage)  of  hydrogen  on  the  surface  at  340  K, 
shown  In  Fig.  5,  results  first  in  the  occupation  of  the  monhydride  phase, 
followed  by  the  population  of  the  dihydride  and  trihydride  surface  phases  on 
S1(lll)[40]  (and  SI (100), [38, 39]).  For  coverages  below  the  saturated 
monohydride  phase  (Fig.  5(b-c)),  a  broad,  central  peak  Is  observed  In  the 
compressed  ESDIAD  pattern.  This  Indicates  that  no  preferential  S1-H  azimuthal 
directions  are  detected,  and  that  a  broad  angular  distribution  of  H+  desorption 
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directions  may  be  coalesced  Into  the  central  peak  by  electrostatic  pattern 
compression. 

As  the  dl-  and  trlhydrlde  species  are  formed  at  higher  exposures  (Fig. 

5(d-f ) ) ,  very  large-angle  H+  desorption  Is  also  observed  in  the  perimeter  of  the 
ESDIAO  pattern.  This  perimeter  region  Is  largely  unpopulated  In  the  clean  (Fig. 
5(a))  and  monohydride-exposed  (Fig.  5(b-c))  H+  ESDIAD  patterns.  This  result 
suggests  that  S1-H  bonding  geometries,  which  lead  to  the  observed  off-normal  H+ 
angular  distributions,  are  present  and  may  be  due  to  the  surface  dlhydrlde  and 
trlhydrlde  species  as  well  as  to  possible  tilted  monohydride  species.  Such 
surface  species  have  been  observed  recently  for  room  temperature  adsorption  of 
atomic  hydrogen  on  SI (111)  [27].  The  TPD  measurements  of  the  desorption  of  SIH4 
species  (Fig.  6)  also  support  this  suggestion  [40]. 

These  results  for  the  H-saturated  SI (111)  surface  are  also  consistent  with 
recent  (room  temperature  adsorption)  STM  studies  where  adatom  dihydride  and 
adatom  trlhydrlde  species  are  postulated  [64].  Such  species  would  be  expected 
to  give  off-normal  H+  desorption  In  ESDIAD. 

D.  SI —H  bonding  direction-  dependence  on  annealing 

In  Figs.  7  and  8,  the  geometry  of  the  surface  hydrides  Is  examined  with 
ESDIAD  as  a  function  of  annealing  the  crystal  followed  by  cooling  to  120  K. 
Annealing  the  H-exposed  surface  (10  L)  to  601  K  (Fig.  7(c)  and  Fig.  8),  the 
onset  temperature  for  the  dlhydrlde  (B2-H2)  desorption  process  (see  Fig.  6), 
results  In  little  change  In  the  observed  ESDIAD  pattern.  The  central  peak 
Intensity  Increases  slightly  with  the  peak  width  remaining  constant.  Very 
large-angle  H+  desorption  Is  observed  to  produce  H+  Intensity  In  the  pattern 
perimeter.  However,  annealing  to  710  K  (Fig.  7(d)  and  Fig.  8),  corresponding  to 
the  minimum  between  the  dlhydrlde  and  monohydride  thermal  desorption  features 
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(see  Fig.  6),  results  In  a  sharpening  of  the  central  ESDIAD  peak,  although  very 
large-angle  H+  emission  Is  also  clearly  observed.  The  central  ESDIAD  peak 
width  decreases  by  ~20 X  and  suggests  that  a  distribution  of  S1-H  bond  angles 
corresponding  to  a  higher  relative  population  of  more  normally-oriented  S1-H 
species  Is  present.  These  results  are  also  consistent  with  recent  STM 
observations  where  a  more  structured  surface  Is  observed  after  removal  of  the 
polyhydride  phases  [64]. 

Further  annealing  to  1041  K,  beyond  the  desorption  of  the  (Bi)  monohydrlde 
phase,  results  In  a  very  broad  H+  ESDIAD  pattern  of  high  relative  Intensity,  and 
is  Indicative  of  a  mixture  of  randomly  oriented  S1-H  species.  Because  SI-SI 
bond  scission  Is  expected  to  take  place  upon  the  formation  of  the  higher  hydride 
species  which  results  In  the  evolution  of  SIH4  thermal  desorption  products, 
substantial  surface  disorder  Is  anticipated  following  thermal  desorption  for  a 
hydrogen-covered  surface.  Such  surface  disorder  (etching)  would  offer  SI  sites 
producing  a  variety  of  S1-H  bonding  directions. 

Thus  we  have  the  rather  surprising  result  that  desorption  of  the 
polyhydride  (B3  and  B2)  and  the  (Bi)  monohydrlde  phase  does  not  completely 
depopulate  surface  H  as  measured  by  H+  ESDIAD  (and  also  by  TPD,  see  Fig.  4). 

This  residual  surface  hydrogen  exhibits  two  distinct  properties  observable  by 
ESDIAD: 

1.  S1-H  bond  angles  which  are  directed  very  far  from  the  SI (111)  normal. 

2.  High  relative  H+  Ionic  cross  section  In  ESD  as  may  be  judged  by 
comparison  of  the  total  yield  of  the  ESDIAD  pattern  In  Fig.  7(e)  with 
other  patterns  at  higher  H  coverages  (Fig.  7(a-d)). 

V.  Summary 

Both  ESDIAD  and  TPD  measurements  have  been  employed  to  examine  hydrogen 
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chemisorbed  on  SI ( 1 1 1) -(7x7) .  The  following  general  observations  were  made: 

1.  Residual  H  originating  from  the  bulk  of  the  SI (111)  crystal  Is 
responsible  for  the  production  of  an  H+  ESD  product  even  after, 
annealing  to  1173  K.  The  delivery  of  this  residual  H  to  the  surface, 
with  subsequent  desorption  of  small  fractions  of  a  monolayer  of  H  as 
H2»  Is  observed  using  TPD. 

2.  A  mixture  of  monohydride  and  polyhydride  surface  species  Is  detected  by 
ESDIAD  following  the  adsorption  of  atomic  H.  Polyhydride  species  are 
postulated  to  yield  H+  ESOIAD  patterns  having  very  broad  angular 
distributions. 

3.  Thermal  desorption  from  a  hydrogen-saturated  SI (111)  surface  Is 
observed  to  liberate  03-,  02“ »  and  &1-H2  above  ~400  K.  In  addition, 
S1H4(g)  Is  liberated.  Heating  to  1041  K  results  In  a  significant 
disordering  of  the  surface,  producing  SI  adsorption  sites  which  are 
capable  of  producing  highly  tilted  S1-H  bonds  relative  to  the  Si (111) 
normal.  Adsorption  of  residual  H  on  these  SI  sites  results  In  species 
with  large  angles  of  H+  desorption  by  ESD,  and  also  with  relatively 
high  Ionic  cross  sections  for  H+  formation. 
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Figure  Captions 


Figure  1. 

Figure  2. 
Figure  3. 


Figure  4. 


Figure  5. 


Figure  6. 


Overview  of  UHV  chamber  used  In  this  study.  Base  pressure  of  the 
system  is  4xl0-11  Torr. 

Cross-sectional  view  of  digital  LEED/ESDIAD  apparatus. 

Effect  of  crystal  bias  on  H+  Ion  trajectories  from  "clean" 
S1(lll)-(7x7).  A  gradual  compression  of  the  ESDIAD  pattern  Is 
observed  producing  a  central  H+  peak.  In  addition  H+  which  does  not 
coalesce  Into  the  central  peak  Is  observed  In  the  perimeter  of  the 
pattern.  All  data  taken  at  T=120  K  with  a  lxlO-8  A,  400  eV  electron 
beam.  Elapsed  time  of  data  acquisition  Is  120  s.  The  crystal  has 
been  Ar+  bombarded  then  annealed  to  1173  K  for  5  min. 

Thermal  desorption  yield  measurements  for  successive  annealing  cycles 
of  "clean"  SI (111) - (7x7)  (see  text).  Inset:  Temperature  programmed 
desorption  from  the  clean,  prepared  surface  (dT/dt=1.6  K/s).  The 
crystal  has  been  Ar+  bombarded  then  annealed  to  1173  K  for  5  min. 
prior  to  experiment  (a). 

ESDIAD  from  H-exposed  SI (111).  Exposures  are  reported  in  Langmuirs 
of  H£.  All  data  taken  at  T=120  K  with  lxlO-8  A,  300  eV  electron 
beam.  Elapsed  time  of  data  acquisition  Is  120  s. 

Temperature  programmed  desorption  from  H-saturated  SI (111) 

(dT /dt=l .6  K/s).  Only  H2(g)  and  the  QMS  fragments  of  SiH4(g)  (l.e. 

Si H3+ ,  Si H2+  and  S1H+)  are  observed.  Note  the  observation  of 
desorbing  species  originating  from  SIH4  product.  Indicating  the 
removal  of  SI  atoms  (etching)  from  the  surface. 
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Figure  7. 


Figure  8. 


Dependence  of  H+  Ion  angular  distribution  on  annealing  temperature 
as  examined  by  ESDIAD.  (a)  clean,  prepared  surface,  as  In  Figs. 
3(f)  and  5(a);  (b)  after  exposure  to  10  L  H2;  (c)  after  annealing 
to  601  K;  (d)  after  annealing  to  710  K;  and  (e)  after  annealing  to 
1041  K.  All  ESDIAD  pattern  were  taken  at  120  K  with  a  lxlO-8  A, 
300  eV  electron  beam.  Elapsed  time  of  data  aqulsition  is  120  s. 
The  peak  width  of  the  ESDIAD  pattern  as  a  function  of  annealing 
(see  Fig.  7).  Note  the  peak  width  decrease  after  thermal  removal 
of  the  83-  and  02~H2  surface  species  (-700  K) .  This  decrease  Is 
Indicative  of  a  surface  species  distribution  Involving  a  larger 
fraction  of  the  monohydride  (S1H)  phase.  Also  note  the  sharply 
Increased  H+  ESDIAD  pattern  width  following  annealing  to  1041  K, 
where  a  highly-disordered  SI  surface  Is  postulated  to  form,  giving 
highly  tilted  SI -H  bond  directions. 
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Ultrahigh  Vacuum  Apparatus  for 
Silicon  Surface  Chemistry 
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H  ESDIAD  as  a  Function  of  Compression  Voltage- 

Clean  Si(1 1 1 )— (7x7) 
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